Abstract Cellulose and chitin exist in nature as highly crystalline nanofibers. Previously, we reported preparing unique hydrogels from cellulose nanofibers by a simple NaOH treatment without use of any specific solvents or cross-linking agents. In the present study, a similar gel preparation was applied to b-chitin nanofibers extracted from purified squid pen powder. The crystal structure of chitin nanofibers was transformed from b-chitin to a-chitin by NaOH(aq) treatment above 30 wt%. The crystal conversion involving the interdigitation among adjacent nanofibers caused the formation of stable hydrogels with a a-chitin nanofiber network. The use of ethanol voided the dissolution during neutralization and enabled preparation of a higher crystalline hydrogel with high mechanical strength. It achieved a Young's modulus of 16.6 MPa, a tensile strength of 7 MPa and a strain at break of 52.2 %, on average. Finally, we note that the shrinkage of the cellulose I and b-chitin nanofibers in aqueous NaOH solutions was caused by the release of tensile residual stress due to the intracrystalline swelling in NaOH solutions.
Introduction
Cellulose and chitin are some of the most abundant renewable polymers on earth. A key characteristic common to both is that they exist naturally in the form of highly crystalline nanofibers. They provide both rigid and flexible structural support in plant cell walls and in the exoskeletons of arthropods such as crustaceans and insects. Because of superior mechanical properties such as low weight, very large surface-tovolume ratios and high aspect ratios, cellulose and chitin nanofibers have recently attracted significant interest for wide potential application in polymer reinforcement, flexible display, medical devices, separation membranes and many other areas (Moon et al. 2011) .
The stable crystal structures in cellulose and chitin, however, prevent their molecules from dissolving in most common solvents. When hydrogels and aerogels are prepared from cellulose and chitin, for example, use of specific solvents such LiCl/DMSO and aqueous alkaline systems such as NaOH/ urea (Cai et al. 2008 ) (for cellulose), and calcium chloride dihydrate-saturated methanol (Tamura et al. 2006) and LiCl/NMP (Kono and Zakimi 2013 ) (for chitin) are essential. Not surprisingly, cellulose and chitin nanofibers do not dissolve in water. However, their suspensions exhibited a high viscosity even with 1 wt% nanofiber because of the large hydrophilic surface area, high aspect ratios and entanglement. Thus, their nanofibers appear to behave in water as if dissolved, maintaining good crystallinity.
In previous studies, we found that an aqueous suspension of cellulose nanofibers was easily transformed into stable and tough hydrogels through alkaline treatment Yano 2011, 2012) . The nanofiber hydrogels had two different kinds of cellulose crystal forms (cellulose I and cellulose II) in response to increasing concentrations of NaOH(aq) solutions, and both gels consisted of a highly porous and crystalline nano-network. In particular, the nanofiber gel with cellulose II demonstrated high tensile strength due to the continuous and strong nanonetwork formed by the interdigitation of nanofibers during the mercerization process in the crystal conversion from cellulose I to cellulose II. Based on these results, the present study applied the gel preparation to chitin nanofibers. Like cellulose, the crystal structure of b-chitin is converted to a-chitin by NaOH(aq) treatment (Noishiki et al. 2003) . We study the gelation behavior of b-chitin nanofibers and investigate the physical and morphological properties of the hydrogels.
Experimental sections
Preparation of chitin nanofibers and the hydrogels Purified b-chitin powder from squid pens was kindly provided by the Koyo Chemical Co., Japan. Purified achitin powder from crab shells and chitosan powder was purchased from Nacalai Tesque, Inc.
Dried chitin powders were suspended in distilled water at a solid content of 0.8 wt%, and acetic acid was added to adjust the pH to 3 to facilitate fibrillation, according to the method described by Fan et al. (2008) and Ifuku et al. (2010) . The suspension was stirred at room temperature for 24 h, and then passed twice through a grinder (MKCA6-2; Masuko Corp., Japan) at 1,500 rpm (grinding stones MKGC6-80). The grinding treatment was performed with a clearance gauge of -2.5 (corresponding to a 0.25 lm shift) from the zero position. The position was determined as the point of slight contact between the two grinding stones.
The nanofiber suspension was diluted to 0.1 wt% by distilled water, adjusted to pH 3 with acetic acid, and then vacuum-filtered and dewatered using a polytetrafluoroethylene membrane filter (0.1 lm mesh). The wet sheets obtained at a fiber content of approximately 15 wt% were immersed in NaOH solutions with five concentrations-20, 25, 30, 35, and 40 wt%-and kept at 25°C for 12 h. The sheets were then submerged in distilled water at the same temperature, and the water was changed repeatedly until the samples became neutral.
Characterization
After neutralization, the wet sheets were hot-pressed at 120°C and subjected to X-ray diffraction measurement in reflection mode. Equatorial diffraction patterns were obtained using an X-ray generator (UltraX 18HF; Rigaku Corp., Tokyo, Japan) with CuKa radiation (40 kV and 250 mA) from 5°to 40°.
For microscopic observation, the sheets were slowly dehydrated through an ethanol series (50, 60, 70, 80, 90, 100 , and 100 %, for 1 h each) followed by acetone (1 h) and t-butyl alcohol (1 h), after which they were freeze-dried. The freeze-dried samples were coated with platinum by an ion sputter coater and then observed with a field-emission scanning electron microscope (FE-SEM, JSM-6700F; JEOL, Tokyo) operating at 1.5 kV.
Test specimens 35 mm 9 7 mm in size were cut from the hydrogel sheets and subjected to a tensile test using a universal materials testing machine (model 3365; Instron Corp., Canton, MA) at a crosshead speed of 10 mm/min and a gauge length of 20 mm. The average values of the Young's modulus, tensile strength, and fracture strain were calculated for five specimens.
The degree of substitution of amino groups in the chitin nanofibers was calculated from the C and N content in the elemental analysis data.
Results and discussion
In previous studies, we described an efficient method for extracting cellulose nanofibers from various plant sources using a simple grinder treatment on undried samples from which matrix substances such as hemicelluloses and lignin had been removed (Abe and Yano 2007 , 2009 . Generally, applying a drying process after matrix removal causes strong hydrogen bonding between cellulose and chitin nanofibers, resulting in incomplete fibrillation. Ifuku et al. 2010 , however, have reported that chitin nanofibers can be easily produced from dried chitin powder by mechanical treatments under acidic conditions; this is because the cationization of amino groups at pH 3-4 facilitates fibrillation by electrostatic repulsion between nanofibers. Following the methods described by Fan et al. (2008) and Ifuku et al. (2010) , we produced chitin nanofibers from dried b-chitin powders using a grinding treatment under pH 3-4 conditions. The b-chitin nanofibers obtained were uniformly dispersed in the acidic aqueous solution without sedimentation.
When the b-chitin nanofiber sheets were immersed in NaOH(aq) solutions, the diameters were reduced in the solutions and they were unchanged after neutralization, as is seen with cellulose nanofibers Yano 2011, 2012) . Figure 1 shows that diameter shrinkage in the chitin sheets increased linearly with increasing NaOH concentrations from 20 to 30 wt%, and then leveled off. After neutralization with water, the chitin sheets treated with NaOH below 30 wt% remained soft and fragile, while those in 30 wt% began to gelate, and those treated above 35 wt% formed into stable and tough hydrogels. These gels were strong under tension that it is difficult to break by hand. Interestingly, only sheets treated in 35 and 40 wt% NaOH apparently became transparent in water during neutralization, then emerged again as a white gel. Noishiki et al. (2003) reported the crystal conversion of b-chitin to a-chitin by NaOH(aq) treatment above 30 wt%. The X-ray diffraction patterns of dried chitin sheets in this study also showed that the crystal structure was gradually converted from b-chitin to a-chitin as the NaOH concentration increased (Fig. 2) . The diffraction pattern of the 30-wt%-treated sample was nearly identical to that of commercial a-chitin powder. However, treatment above 35 wt% caused a decrease in crystallinity and a drastic increase in peak intensity corresponding to (020) plane at 9.5°, probably because of plane orientation.
The decrease in crystallinity seems to have been caused by the formation of alkali chitin. It is known that alkali chitin prepared by partial deacetylation in concentrated NaOH solutions (8-16 wt%) can be dissolved in crushed ice at around 0°C (Sannan et al. 1976) . Indeed, the degree of deacetylation of the chitin nanofibers increased from approximately 9 % to approximately 50 % by the 35 wt % NaOH treatment, which coincides with the value of the alkali chitin reported by Sannan et al. (1976) . Although Noishiki et al. (2003) reported that 30 % NaOH treatment at room temperature did not cause the deacetylation of highly crystalline b-chitin from diatom spine, the low crystallinity of b-chitin from the squid pen powder used in this study promoted deacetylation, probably even inside the crystals. These results suggest the following: (1) when chitin nanofibers reacted in 35-40 wt% NaOH are neutralized with water, the NaOH concentration in the samples gradually decreases and the samples dissolve in around 8-16 wt% NaOH (2) at the same time, because the reaction was conducted in a static system (i.e., without stirring), the chitin molecules were not fully dispersed in the solutions, and the chitin gels were regenerated in neutral water; however (3) the disorder in the molecular chains on dissolution resulted in a decrease in crystallinity. Although it is generally known that alkali chitin will dissolve in cold NaOH(aq) solutions (1-2 N), the alkali chitin prepared from chitin nanofibers was solubilized even at room temperature, probably because of the high reactivity on the large surface areas. In order to prevent the dissolution of chitin nanofibers, one sample treated with 35 wt% NaOH was soaked in ethanol for 1 h and then fully neutralized with water. This, sample did not become transparent in either ethanol or water, and was formed into a tough gel as shown in Fig. 3 . The X-ray diffraction pattern was very similar to that of commercial a-chitin powder and the crystallinity was much higher than that of the sample neutralized with only water (Fig. 4) . This result indicates that even b-chitin nanofibers with 50 % deacetylation can be transformed into higher crystalline a-chitin by avoiding dissolution.
As may be seen in Fig. 5 , FE-SEM observations of the freeze-dried gels clearly indicated the influence of dissolution on the gel structures. For the sample neutralized with only water, the network structure showed considerable change compared to that of the nanofiber sheet before NaOH treatment; many large pores had formed (Fig. 5b) . In contrast, the gel neutralized first with ethanol and then water showed a uniform and dense network structure, consisting of fine nanofibers with a width of 12-20 nm, similar to that of the original ones (Fig. 5a, c) .
In previous studies of the formation of hydrogels from cellulose nanofibers by NaOH, we concluded that Cell-II hydrogels had a continuous network formed via the interdigitation of neighboring nanofibers when Cell-I was converted to Cell-II during mercerization Yano 2011, 2012) . The present results suggest that a similar mechanism can explain the gelation of b-chitin nanofibers. Noishiki et al. (2003) also showed that 30 % NaOH treatment caused coagulation of chitin microfibrils and a loss of fibrillar morphology in chitin samples because the original microfibrils were tightly packed in a centric diatom. However, the chitin nanofiber sheets were reshaped into a fine network structure without forming coagulated masses as shown in Fig. 5b because the nanofibers were planar and randomly arranged in a sheet before NaOH treatment.
Generally, dissolution processes that involve stirring produce a disordered molecular arrangement in polymer gels. When a static preparation (without stirring) is used together with ethanol for neutralization, however, chitin nanofiber gels can have a very fine network of crystalline a-chitin nanofibers. In this study, when a nanofiber gel was treated in 35 wt% Fig. 3 Appearance of the chitin nanofiber hydrogels neutralized with ethanol and water after 35 wt% NaOH treatment Fig. 4 Equatorial X-ray diffraction profiles of the dry matters of the nanofiber hydrogels neutralized with only water versus ethanol and water after 35 wt% NaOH treatment (solid lines) and commercial chitin samples (dashed lines) and neutralized with ethanol and water, it exhibited high tensile properties, as shown in Fig. 6 . It achieved a Young's modulus of 16.6 MPa, a tensile strength of 7 MPa and a strain at break of 52.2 %, on average. Because of the use of ethanol for neutralization, the swelling degree of this chitin gel, which was defined here as the ratio of the swollen gel mass to that of the dry gel, was approximately 3, lower than that of the cellulose nanofiber gel with cellulose II (Cell-II gel) in our previous study. Nevertheless, the Young's modulus of the chitin gel was lower than that of the Cell-II gel. Although there are some reasons for this result (e.g., differences in the network density of gels), one of the major reasons is probably the lower modulus of a-chitin crystal (41 GPa) compared to cellulose II crystal (88 GPa) (Nishino et al. 1995 (Nishino et al. , 1999 . The chitin gel, however, could be extended more than twice as much as the Cell-II gel.
Finally, we discuss the shrinkage of b-chitin nanofibers in aqueous NaOH solutions. In this study, the chitin nanofiber sheets shrank in proportion to increasing NaOH concentrations below 30 wt%; above 30 wt%, they ceased to shrink. A similar behavior was observed in native cellulose nanofibers Yano 2011, 2012) . Cellulose I and b-chitin crystals share parallel chain packing as a structural feature. Interestingly, wet sheets of a-chitin nanofibers with antiparallel chain packing, prepared from commercial crab shell chitin powder by the method described in this study, did not show any size change in NaOH(aq) solutions of 20-40 wt% and were not formed into hydrogels. Considering that crystal structures with antiparallel arrangements are thermodynamically more stable than those with parallel arrangements, we suggest that cellulose I and b-chitin nanofibers shrunk in the axial direction due to the release of tensile residual stress caused by intracrystalline swelling in NaOH solutions. The shrinkage reduces the distance between the nanofibers and encourages the formation of a finer network.
Conclusion
In summary, an aqueous suspension of b-chitin nanofibers was formed into crystalline hydrogels consisting of a-chitin nanofibers through NaOH treatment above 30 wt% followed by neutralization. The gelation behavior appears to be based on the interdigitation among adjacent nanofibers when b-chitin is converted into a-chitin by strong NaOH treatment. This simple gelation process, involving no specific solvents or cross-linking agents, is very similar to that using cellulose I nanofibers with a parallel packing mode. The differences in the gelation of chitin and cellulose nanofibers include the necessary NaOH concentration and the solubilization in water triggered by deacetylation. Chitin nanofibers, partially deacetylated in 35 wt % NaOH at 25°C, dissolved in NaOH(aq) solution during neutralization, and then emerged in water as a regenerated gel with low crystallinity. However, the use of ethanol during the initial stage of neutralization prevented dissolution and decrease in crystallinity, and enabled preparation of a higher crystalline chitin gel with a fine nano-network structure and high mechanical strength. In addition to our studies, several researchers have recently reported their work on nanofiber-based hydrogels from cellulose or b-chitin (Saito et al. 2011; Nata et al. 2012 ). These unique hydrogels are expected to further expand the application area of natural polymer hydrogels by capturing the features of crystalline networks.
